A Large-Scale in Situ Screen Provides Molecular Evidence for the Induction of Eye Anterior Segment Structures by the Developing Lens  by Thut, Catherine J. et al.
Developmental Biology 231, 63–76 (2001)
doi:10.1006/dbio.2000.0140, available online at http://www.idealibrary.com onA Large-Scale in Situ Screen Provides Molecular
Evidence for the Induction of Eye Anterior
Segment Structures by the Developing Lens
Catherine J. Thut,* Ryan B. Rountree,* Michael Hwa,* and
David M. Kingsley*,†,1
*Department of Developmental Biology, †Howard Hughes Medical Institute,
Stanford University School of Medicine, 279 Campus Drive,
Beckman Center B300, Stanford, California 94305-5329
The anterior segment of the vertebrate eye includes the cornea, iris, ciliary body, trabecular meshwork, and lens. Although
malformations of these structures have been implicated in many human eye diseases, little is known about the molecular
mechanisms that control their development. To identify genes involved in anterior segment formation, we developed a
large-scale in situ hybridization screen and examined the spatial and temporal expression of over 1000 genes during eye
development. This screen identified 62 genes with distinct expression patterns in specific eye structures, including several
expressed in novel patterns in the anterior segment. Using these genes as developmental markers, we tested for the presence
of inductive signals that control the differentiation of anterior segment tissues. Organ culture recombination experiments
showed that a chick lens is capable of inducing the expression of markers of the presumptive iris and ciliary body in the
developing mouse neural retina. The inducing activity from the lens acts only over short ranges and is present at multiple
stages of eye development. These studies provide molecular evidence that an evolutionarily conserved signal from the lens
controls tissue specification in the developing optic cup. © 2001 Academic Press
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aINTRODUCTION
The structures of the anterior segment of the vertebrate
eye (cornea, iris, ciliary body, lens, and trabecular mesh-
work) are required to focus the light that enters the eye and
to regulate intraocular pressure. Developmental defects of
these structures can lead to several debilitating eye dis-
eases, including cataracts, corneal dystrophies, and glau-
coma.
Proper regulation of intraocular pressure is important for
both eye development and the function of the adult organ.
Steady-state pressure levels are generated by balancing the
production of aqueous humor, the clear fluid that fills the
anterior of the eye, with its exit from the eye (Francis and
Alvarado, 1997). Aqueous humor is secreted by the epithe-
lium of the ciliary body and exits through the “angle” of the
eye that contains the trabecular meshwork and is bounded
1 To whom correspondence should be addressed. Fax: (650) 725-
f7739. E-mail: kingsley@cmgm.stanford.edu.
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All rights of reproduction in any form reserved.y the cornea and iris (Fig. 1A). Misregulation of intraocular
ressure can lead to glaucoma, a disease characterized by
ptic nerve damage and vision loss. Recently, mutations in
enes that cause malformations of the iris, ciliary body, and
rabecular meshwork have been implicated in several forms
f inherited glaucoma (Stone et al., 1997; Alward et al.,
998; Kume et al., 1998; Nishimura et al., 1998; Semina et
l., 1998; Vollrath et al., 1998; Craig and Mackey, 1999;
ong et al., 1999; Pressman et al., 2000). While these genes
rovide new entry points into the study of glaucoma and
nterior segment development, a detailed understanding of
he molecular mechanisms and genetic hierarchies in-
olved in anterior segment formation is still lacking.
The tissues of the anterior segment are derived from
everal different cell populations (Fig. 1A). Early in eye
evelopment, inductive interactions between the optic
esicle and overlying surface ectoderm lead to formation of
he optic cup and lens. Cranial neural crest cells migrate
round the posterior of the optic cup toward the lens to
orm the corneal endothelium and the stroma of the iris,
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64 Thut et al.ciliary body, and cornea (Johnston et al., 1979; Noden,
1986). Further development of the optic cup is highly
regionalized and distinct portions of the cup give rise to at
least four different structures: the retina, the retinal pig-
mented epithelium (RPE), the iris epithelium, and the
ciliary body epithelium (Beebe, 1986; Sivak and Sivak,
2000). The inner layer of the optic cup develops into the
neural retina while the outer layer becomes the RPE. The
iris epithelium forms as an outgrowth of the very tip of the
optic cup margin. Cells from the outer layer of the optic cup
FIG. 1. (A) Schematic diagram of mouse eye development. Indu
surface ectoderm (E9.5) cause shape changes in these tissues, givi
Rhodin, 1970). Beginning at E11.5, cranial neural crest cells (pink do
and endothelium, as well as the stroma of the iris and ciliary body
2 epithelial layers of the optic cup margin (purple), the anterior-m
begins around E17.5; iris development is not complete until severa
the inner layer of the optic cup margin, and the iris muscles form fro
and nonpigmented epithelia of the ciliary body develop from the ou
eye, the outer layer of the optic cup differentiates into RPE (bl
light-sensitive retina (E16.5, grey shading). In the adult eye, aqueous
“angle” of the eye (blue asterisk). The angle contains the trabecula
respectively. Light blue arrows indicate the direction of flow of aq
acterial glycerol stocks containing the ESTs of interest were obtai
ere amplified and antisense DIG-labeled RNA probes were transcr
lass slide containing 12-mm sections of mouse heads at 6 different
ay 2 (P2).tip will form the muscles of the iris, while cells from the b
Copyright © 2001 by Academic Press. All rightnner layer of the optic cup tips give rise to the pigmented
ris epithelium. Finally, the ciliary body epithelium devel-
ps from a narrow band of cells located just posterior to the
ris region. The pigmented layer of the ciliary body is
ontinuous with the RPE, and the nonpigmented layer is
ounded by the neural retina to the posterior and the
igmented iris to the anterior.
The default fate of cells of the optic cup appears to be that
f neural retina (Stroeva, 1960; Fuhrmann et al., 2000). The
ormation of alternate structures, such as the iris and ciliary
interactions between the neural optic vesicle and the overlying
se to the optic cup and lens vesicle, respectively (E10.5) (Pei and
igrate to the anterior portion of the eye to form the corneal stroma
.5). The epithelia of the iris and ciliary body are derived from the
egion of the optic cup (E16.5). Outgrowth of the optic cup margin
ks after birth. The pigmented epithelium of the iris develops from
e outer layer of the margin. Just posterior to the iris, the pigmented
nd inner layers of the margin, respectively. At the posterior of the
ine) while inner layer gives rise to the many cell types of the
or is secreted by the ciliary body epithelium and exits through the
shwork, bounded anteriorly and posteriorly by the cornea and iris,
s humor. (B) The high-throughput in situ hybridization protocol.
rom Research Genetics in 96-well microtiter plates. cDNA inserts
as described in the methods. Each probe was hybridized to a single
s of development spanning embryonic day 12.5 (E12.5) to postnatalctive
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65Molecular Markers of Eye Developmentintrinsic and extrinsic signals (Beebe, 1986). The lens is
believed to be an important source of signals that influence
optic cup and iris/ciliary body development (Stroeva, 1963;
Genis-Galvez, 1966; Beebe, 1986). Both mechanical re-
moval of the lens during development (Stroeva, 1963) and
ablation of the developing lens using a toxin transgene
(Breitman et al., 1989; Harrington et al., 1991) inhibit iris
FIG. 2. Representative expression patterns identified in the high t
(B) 6-mm paraffin section of an E16.5 eye, stained with hematoxy
ntisense probes specific for Sparc (C), Fgf15 (D), Ptmb10 (E), Ptmb4
mark structures hybridizing to the various probes. Expression pat
Fgf15 (D) is expressed in the neuroblastic retina (black arrow) but n
postmitotic neurons (black arrowhead) but is excluded from the
expressed strongly in the optic cup margin (black arrowhead) but n
cup margin but more strongly on the temporal side of the eye, asand ciliary body formation. Conversely, the presence of an t
Copyright © 2001 by Academic Press. All rightdditional lens in the developing eye can cause abnormal
evelopment of the optic cup margin (Genis-Galvez, 1966).
hile these results suggest a role for the lens in iris and
iliary body formation, several questions remain unan-
wered. In the previous experiment, it is not clear if the lens
irectly stimulates cells of the optic cup margin or if its
ffect is secondary due to overgrowths of surrounding
hput in situ screen. (A) Schematic diagram of an E16.5 mouse eye.
nd eosin. (C–I) 12-mm sections through E16.5 eyes hybridized to
Cdh11 (G), Col4a2 (H), and S100a6 (calcyclin) (I). Black arrowheads
of D–F distinguish different regions of the developing optic cup;
e optic cup margin (white arrowhead); Ptmb10 (E) is expressed in
oblastic retina and margin (white arrowheads); and Ptmb4 (F) is
e retina (white arrowhead). S100a6 (I) is also expressed in the optic
as the corneal epithelium and conjunctiva (black arrowheads).hroug
lin a
(F),
terns
ot th
neur
ot thissues such as the cornea. In addition, it is not clear
s of reproduction in any form reserved.
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66 Thut et al.whether the lens provides an instructive or permissive
signal to the optic cup margin. Finally, the molecular
events that occur within the cells of the optic cup margin in
response to the lens are not yet well understood.
While a variety of genes are currently known to be
expressed in the optic cup margin and other regions of the
embryonic anterior segment, the identification of addi-
tional molecules expressed in these tissues will extend our
knowledge of anterior segment development in both health
and disease. For this reason, we initiated a large-scale screen
to identify genes expressed during the formation of the
anterior segment structures. A high-throughput in situ
ybridization procedure was used to survey the expression
f over 1000 different genes at six developmental stages in
he mouse eye. This screen has identified 62 genes with
istinct expression patterns in various structures of the eye
n both the anterior and posterior segments. The identity
nd order of expression of these genes suggest potential
ene hierarchies that may be involved in the development
f specific eye tissues, including the iris and ciliary body. In
ddition, these gene expression patterns provide a new set
f molecular markers that can be used to study inductive
nteractions during anterior segment development. Here we
ombine these markers with an organ culture system to
emonstrate that the lens produces an instructive signal
hat induces iris and ciliary body development and to
dentify two optic cup margin genes that are upregulated in
esponse to the lens-derived signal.
MATERIALS AND METHODS
Mouse and Chicken Strains
CD-1 mice were obtained from Charles River Laboratories.
Fertile White Leghorn chicken eggs were purchased from California
Golden Eggs and incubated in humidified, rocking incubators
(Kuhl) at 98°F.
Selection and Preparation of Gene-Specific In situ
Probes
Gene-specific DNA sequences were selected from the IMAGE
Consortium Mouse Expressed Sequence Tag clones (ESTs) at Re-
search Genetics using several strategies. First, DNA sequences
encoding specific proteins with known roles in development were
identified from the GenBank and UniGene databases at NCBI. The
selected sequences were used to search the mouse EST database at
NCBI using the BLAST algorithm (Altschul et al., 1990). In
addition, we searched for ESTs containing putative structural
motifs common to a variety of developmental regulators using the
BLOCKS motif database and algorithm (Henikoff and Henikoff,
1994; Henikoff et al., 1995). These amino acid motifs were then
used to search the mouse EST database using the MAST algorithm
(motif alignment and search tool, San Diego Supercomputer Cen-
er). We also searched databases of available embryonic stem (ES)
ell lines containing potentially mutagenic insertions (Townley et
l., 1997; Zambrowicz et al., 1998) and chose mouse ESTs with
omology to genomic sequences near the insertions. Redundant 3
Copyright © 2001 by Academic Press. All rightSTs from this initial set were identified and removed by searching
or sequence identities using the Sequencher program (Gene Codes
orporation). A complete list of the genes selected is available
pon request.
EST clones amounting to 1035 were received as bacterial glyc-
rol stocks arrayed in 96-well plates. To produce DIG-labeled
robes, the EST bacterial stocks were diluted 1:20 in LB, and the
nserts were PCR amplified using one of two primer sets [T7 and T3
rimers for clones in Bluescript or pT7T3D vectors (T7: 59-
ATACGACTCACTATAG-39 and T3: 59-ATTAACCCTCACTA-
AG-39); T3 and SP6 primers for clones in pCMV-SPORT vectors
SP6: 59-ATTTAGGTGACACTATA-39)]. PCR conditions were as
ollows: 94°C for 30 s, 43°C for 30 s, and 72°C for 90 s, repeated 34
imes. The PCR-amplified ESTs were purified with QIAquick 96
CR Purification Kits (Qiagen) using the manufacturer’s protocol
ith the exception that the DNA was washed 5 times with Buffer
E and was eluted into 96-well Multiplates (MJ Research). The
urified DNA was precipitated with the addition of glycogen,
odium acetate, and isopropanol. After washing, the pellets were
riefly centrifuged to collect the pellets to the bottoms of the tubes,
hen air-dried. Transcription of DIG-labeled RNA was performed
sing a Roche DIG labeling kit at 1/4 volume. Reaction mix (5 ml)
was added directly to the dried DNA pellets and the 96-well plates
were incubated at 37°C for 2 h. After degrading the DNA template
using DNAse I, the reactions were stopped with EDTA and
precipitated with lithium chloride and ethanol. The labeled RNA
was resuspended in 25 ml RNAse-free water. The concentration of
IG-labeled RNA was estimated by agarose gel electrophoresis
ith an RNA standard (Roche). The Wnt7b probe template was
btained from Dr. Andrew McMahon; DIG-labeled RNA was
ranscribed using T7 polymerase.
In situ Hybridization of Frozen Tissue Sections for
the Large-Scale Screen
Embryos from timed matings were collected in 13 PBS using
standard methods (the appearance of a vaginal plug was considered
day 0.5 of pregnancy). Embryos to be sectioned were frozen on
dry-ice in embedding molds (Polysciences, Inc.) containing OCT
freezing compound (Tissue-Tek). Tissue sections 12 mm thick were
produced using a CM3000 cryostat (Leica) and collected onto
Superfrost/plus microscope slides (Fisher). For the large-scale
screen, individual glass slides were prepared containing six trans-
verse tissue sections of embryonic mouse heads, one section each
of stages embryonic day 12.5 (E12.5), E13.5, E14.5, E16.5, E18.5,
and postnatal day 2 (P2). The slides were stored dessicated and
frozen at 270°C. Before use, the slides were thawed to room
temperature in the dessicated chamber.
In situ hybridizations were performed as previously described
(Storm and Kingsley, 1996) with several modifications. After the
second set of three 5 min washes in 13 PBS, the tissue sections
were dehydrated through a series of ethanol washes [30, 50, 70,
95% (3 min each), and 100% (5 min)]. The slides were then allowed
to air-dry, and 120 ml hybridization solution containing the appro-
priate DIG-labeled probe was added. The slides were covered with
plastic coverslips (Ventana Medical) and incubated in a humidified
chamber at 60°C for 14–16 h. Color development with alkaline
phosphatase substrate was performed in a solution containing 100
mM Tris pH 9.5, 100 mM NaCl, 5 mM MgCl2, 10% polyvinyl
alcohol (70–100 kD), 345 mM 4-nitroblue tetrazolium chloride, and
35 mM 5-bromo-4-chloro-3-indolyl phosphate (Sigma). The slides
s of reproduction in any form reserved.
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Summary of Gene Expression Patterns in the Eye
Gene
namea Genbank
Conjunctiva Cornea
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Unknown AA003596 F F F F F N
S100a6 AA015220 F F F F F F F A
Cnn2 – E F F F F F F A O
Cola2 AA002525 E E F F F F F F F F F
Twist W14113 E E F F F F N K
Grb10 AA260248 E F F N O
Cd63 AA220740 E F F N O
Col6a3 W14200 E F F F
Col6a2 AA220780 E F F F F
Cola1 – F F F F TM
Sparc – F F F F F F F F F F F F F K
Ltk AA647134 F F F F N T
Stat3 AA710346 F F F F F F F F F F F F F KTM
Pedf AA691483 F F F F A
Igfbp2 AA712031 F F F F O
Insl3 – F F F F N K
Ebf2 AA647750 F F N K
Col6a1 AA711361 F F K
Nkx2-6 AA108980 F F F N K
Unknown AA261108 F F F F F N O
Hoxc6 AA035988 F F F N
Penk2 AA403770 E E F F F F A KT
Cdh11 W62708 E E E F F F F F F N
Runx1 – F F F F F F F F F F F F A K
Atpase6* – F F F F F F F F F F F F A
Cox3* – F F F F F F F F F F F F A
Unknown AA764025 F F F F F F N
Col15a1 AA435357 F F F F F N
H19* – F F F F F N K
Fgf15 AA051675 F F F F F F A
Kpna2 AA124139 F F F F F F N
Racgap1 AA140523 F F F F F F KT
Gapd* – F F F F F O
Otx2* AA198569 F F F F F F A K
Edn1 AA792278 F F F F A TK
Isl1 AA198791 F F F F F K
Ptmb10* – F F F F F F N O
Notch21 AA920225 F F F F F F
Ywhaz AA815769 F F F F F F A O
Crabp1 W89376 F F F F F F F F F TKO
Fyn W62969 F F F F F TKO
Calm – F F F F F TO
Bmp4 AA473799 F F F F F F F F F F A TK
Apbb2 AA881795 F F F F F N
Thra AA671918 F F F N KO
Sox4 AA638084 F F F F N K
Tgfb1i4 AA920085 F F F F F F A O
Ptmb4 – F F F F F F O
Tgfb2 W84012 F F F F F N TK
Col9a1 AA060364 F F F F K
Slc16a1 – F F F F A
Tac1 AA710499 F F A TK
Crygd W16008 F F F F F F O
Unknown W14179 F F F F F F N O
Unknown W64236 F F F F F F N O
Cdh2 W75272 F F F F F F N TKO
Col4a2 AA014653 F F F F F F
Sap30* – F F F F F F N
Sh3d5 AA797294 F F F F F F N O
Wnt7b A. McMahon F F F F F F N
Idb2 AA109195 F F F F A TK
Igf2 AA024183 E E F F F F TKO
a Gene names were assigned by searching the mouse UniGene database with EST accession numbers. Names followed by an asterisk were
not found in the mouse UniGene set but were named based on related mouse or human UniGene entries.
b Postmitotic neurons.
c Neuroblastic layer.
– No accession number is listed because our sequencing revealed that the EST received was not the EST requested from Research Genetics.
The gene identity was instead determined by searching the GenBank databases with the DNA sequence we determined for this EST clone.
F Expression in the listed structure.
E In the case of the cornea, iris/ciliary stroma, and sclera, expression in cells of the periocular mesenchyme which is presumed to give
rise to the listed structure.
N, Expression pattern found in the screen was not previously reported; A, expression pattern found in the screen adds additional
information to previously published expression patterns for this gene; T, a published transgenic mouse exists for this gene. The transgene
was not necessarily reported to be expressed in eye tissues; K, a published knockout mouse exists for this gene; M, a published nontargeted
mouse mutant exists for this gene; O, an ES cell line is available from the Lexicon Genetics OmniBank collection.
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68 Thut et al.were incubated at 30°C in the color development reagent until the
desired level of staining was achieved (6 h to 2 days). If no staining
FIG. 3. Some genes identified in the in situ screen show dynamic
n the periocular mesenchyme (arrows). At later stages, Twist ex
xpressed in the presumptive stroma (large black arrowheads) and
12.5 to E16.5, Fgf15 is expressed throughout the neuroblastic retin
he boundary between the retina and developing ciliary body but is d
up margin and later becomes localized to the growing ciliary bodwas observed after 2 days, the color reaction was stopped. After
Copyright © 2001 by Academic Press. All rightcolor development, the slides were washed in five changes of water
and mounted using glass coverslips and Aquamount (Lerner Labo-
erns of expression. At E12.5, both Twist and Cdh11 are expressed
ion is localized to the cornea (black arrowhead) while Cdh11 is
elium of the iris and ciliary body (small black arrowheads). From
yer (black arrowhead); later in development, expression remains at
regulated elsewhere. Tgfb1i4 is first diffusely expressed at the optic
iris epithelia (black arrowhead).patt
press
epith
al laratories).
s of reproduction in any form reserved.
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69Molecular Markers of Eye DevelopmentFIG. 4. An ectopic chick lens induces the expression of Tgfb1i4 and Ptmb4 in cultured embryonic mouse optic cups. (A, B) Isolated E11.5
ouse optic cups with endogenous lenses attached (m) were placed on fluid-permeable filters and floated on culture media. Control eye
udiments were cultured in isolation (A) while others were cultured in contact with lenses (ch) derived from E4 chick embryos (B). After
days in culture, eye rudiments were subjected to whole-mount in situ hybridization using antisense probes specific for Tgfb1i4 (C, D) and
tmb4 (E, F). (C, E) In eye rudiments cultured alone, marker gene expression was limited to the endogenous optic cup margin (black arrows).
D, F) In rudiments cultured in contact with an ectopic lens, marker gene expression was adjacent to the ectopic lens (arrowheads), as well
s the endogenous optic cup margin (black arrows).
J
w
h
t
m
m
p
o
N
m
p
r
p
e
s
f
(
e
d
p
t
s
r
r
e
w
h
s
r
t
t
m
E
l
1
s
t
c
s
s
i
d
p
f
p
A
r
70 Thut et al.Histology
Heads from CD-1 mice ranging in age from E12.5–P2 were fixed
in 4% paraformaldehyde at 4°C for 12–16 h, dehydrated through an
ethanol series (2 times in 70%, once each in 80 and 95%, then 2
times in 100%), cleared in toluene, and infiltrated with two
changes of Paraplast Plus paraffin (Oxford Labware). Sections
measuring 6 mm were cut using a Biocut microtome (Reichert-
ung), placed on Superfrost/plus slides (Fisher), floated in a 42°C
aterbath, and dried at 37°C overnight. Slides were stained with
ematoxylin and eosin using standard methods.
Organ Culture
Optic cups and lenses from CD-1 mouse embryos aged E10.5 to
E15.5 were dissected in 13 PBS. The developing cornea and the
issue surrounding the back of the optic cup were carefully re-
oved using fine forceps. Control experiments using eye rudi-
ents of pigmented mouse embryos showed that this dissection
rocedure removed the retinal pigmented epithelial layer. The
ptic cup/lenses were transferred to 13 mm diameter, 8.0 mm
ucleopore filters (Whatman). The filters were floated on defined
edium (Wawersik et al., 1999) (with the exception that 5 mg/ml
vitamin C was included instead of 5 mg/ml) and supported by wire
mesh rings in individual wells of 12-well tissue culture plates
containing 1 ml of media each. Chick lenses were obtained by
dissecting E3–E8 chick embryos into PBS, removing the cornea
from the developing eyes, and gently pulling the lenses from the
eyes by grasping the lens capsule with a fine forceps. For the
coculture experiments, either mouse or chick lenses were placed in
contact with the dissected mouse optic cup rudiments. The cul-
tures were incubated in a humidified incubator at 37°C, 5% CO2
for 2–3 days.
Whole-mount in situ hybridizations were performed as described
by Wilkinson (Wilkinson, 1992) with the following modifications:
all manipulations were carried out in 96-well plates; the eye
rudiments were fixed in 4% paraformaldehyde for 20–30 min, and
the proteinase K digestion was carried out at 0.5 mg/ml for 7 min.
RESULTS
Large-scale In situ Screen of the Developing
Mouse Eye
To identify novel gene expression patterns in the devel-
oping eye, we initiated a large-scale in situ hybridization
screen using thin sections of embryonic mouse heads. For
this screen, we selected over 1000 different genes from the
Research Genetics mouse EST database and developed a
high-throughput protocol to simultaneously analyze the
expression of 96 genes at six different stages of eye devel-
opment in a given experiment (Fig. 1B). The genes chosen
included members from many families of known secreted
and intracellular signaling molecules, transcription factors,
and extracellular matrix components. Also included were
genes implicated in mouse and human eye diseases and
genes recently tagged/inactivated by insertional screens in
embryonic stem cells (Townley et al., 1997; Zambrowicz et
al., 1998). The ESTs chosen for analysis were received as
bacterial glycerol stocks arrayed in 96-well microtiter
Copyright © 2001 by Academic Press. All rightlates, and all subsequent probe synthesis steps were car-
ied out in 96-well format (Fig. 1B). Digoxigenin-labeled
robes were synthesized from amplified EST inserts, and
ach labeled probe was hybridized to a single microscope
lide containing six transverse sections of mouse heads
rom developmental stages between embryonic day 12.5
E12.5) and postnatal day 2 (P2). After color development,
xpression patterns were analyzed and cataloged for each
evelopmental stage. Of the 1035 ESTs tested in the first-
ass screen, 178 were selected for further analysis because
hey appeared to have spatially restricted patterns of expres-
ion in the developing eye with staining that ranged from
elatively weak (100 clones) to very strong (20 clones). The
emaining 857 clones yielded sections that showed little
xpression, ubiquitous expression, or high background and
ere not further tested.
The chosen clones were further analyzed by in situ
ybridization and sequencing to confirm both the expres-
ion patterns and the identity of the ESTs. Sequencing
evealed that 30% of the ESTs received did not correspond
o the expected gene. Furthermore, PCR amplification of
he inserts showed 23% of the bacterial stocks to be
ixtures of two or more ESTs. The substantial error rates in
ST clone identity are consistent with reports from other
abs using ESTs from the Research Genetics set (Iyer et al.,
999). To identify the sequences responsible for the ob-
erved expression patterns, we isolated single colonies from
he pure EST clones and multiple colonies from the mixed
lones. DNAs from isolated colonies were sequenced and
ubjected to reanalysis by in situ hybridization. ESTs whose
equence did not correspond to the requested clone were
dentified by comparing our sequence to the GenBank
atabases. ESTs that did not give the expected expression
attern after two rounds of reanalysis were discarded from
urther study. Few of the ESTs with weak initial expression
atterns displayed specific eye expression upon reanalysis.
fter reanalysis, 62 ESTs corresponding to unique genes
emained (Table 1).
New Markers for Specific Structures and Stages of
Eye Development
The 62 unique ESTs demonstrated expression in many
different structures of the developing eye, including lens,
cornea, sclera, periocular mesenchyme, iris/ciliary body
stroma, conjunctiva, and optic cup (representative ex-
amples shown in Fig. 2). Within each structure, patterns of
expression were also categorized by the stage at which
expression first appeared (summarized in Table 1). Several
genes showed dynamic patterns of expression over multiple
stages of development (Fig. 3), likely reflecting migration of
neural crest cells (Twist, Cdh11) or differentiation of spe-
cific tissues from the developing optic cup (Fgf15, Tgfb1i4).
Of particular interest to us, many gene expression pat-
terns served to distinguish alternative fates found in tissues
of the optic cup. From our screen, at least four major
expression domains within the optic cup were observed: (1)
s of reproduction in any form reserved.
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71Molecular Markers of Eye DevelopmentRPE, (2) outer neural retina (neuroblastic region), (3) inner
neural retina (postmitotic neurons), and (4) optic cup mar-
gin (presumptive iris and ciliary body). Markers of these
major derivatives generally displayed non-overlapping pat-
terns of gene expression. For instance, at early time points
Fgf15 was strongly expressed in the neuroblastic layer of the
retina (Fig 2D, black arrowhead) but was excluded from the
optic cup margin (Fig. 2D, white arrowhead). Conversely,
genes such as Ptmb4 and Tgfb1i4 were expressed in cells at
the optic cup margin (Figs. 2F and 3, respectively, black
arrowheads) but were excluded from the remainder of the
optic cup. A few gene expression patterns further subdi-
vided the developing optic cup margin. For instance, S100a6
(calcyclin) was more strongly expressed in the optic cup
margin on the temporal side of the eye, especially at early
time points of expression (Fig. 2I). The optic cup margin can
also be subdivided into outer (adjacent to the RPE) and inner
(adjacent to the neural retina) layers. All optic cup margin
genes identified in our screen were present in the inner
layer of the margin. Unfortunately, the thinness of the
outer layer of the margin made it difficult to determine
whether expression extended to this layer as well. Taken
together, the expression patterns found in our screen have
identified a number of genes whose spatial and temporal
expression patterns suggest roles in anterior segment devel-
opment.
Optic Cup Margin Genes Identified in the Screen
Are Induced in Response to an Ectopic Lens
This screen provides a useful set of molecular markers for
studying many aspects of eye development. We chose to use
these genes to investigate the role of the lens in iris and
ciliary body formation. Specifically, we wished to deter-
mine whether the lens signal was an instructive or permis-
sive one and whether it directly acted on the cells of the
optic cup margin. To address these issues, we devised an in
itro culture system using mouse tissues in which portions
f the optic cup were cultured in contact with isolated
enses. Briefly, we dissected mouse eyes from E11.5 em-
ryos, removed the surrounding mesenchyme, the pre-
umptive RPE, and the cornea with fine forceps, leaving just
he developing neural retina, endogenous optic cup margin,
nd the attached lens. The eye rudiments were then placed
n fluid-permeable filters, floated on serum-free, defined
edia, and cultured in a humidified incubator. In some
ases the eyes were cultured alone (Fig. 4A), and in others,
he mouse eyes were cultured in contact with lenses
erived from either E14.5 day mouse embryos (not shown)
r from chick embryos of a comparable stage (E4; Fig. 4B). In
he coculture experiments, the ectopic lenses were posi-
ioned adjacent to regions of the mouse optic cups that do
ot normally contribute to optic cup margin structures.
fter 3 days of culture, the tissues were subjected to
hole-mount in situ hybridization using ESTs encoding
gfb1i4, Ptmb4, Tgfb2, S100a6, and Slc6a1.
In mouse eye rudiments cultured alone, the expression of ethe Tgfb1i4 and Ptmb4 genes was limited to a ring of
expression surrounding the endogenous mouse lens (Figs.
4C and 4E). This ring corresponds to the endogenous optic
cup margin. In contrast, expression of Tgfb2, S100a6, and
Slc6a1 was not observed (data not shown). These results
suggest that the culture conditions are sufficient to allow
expression of early but not later markers of the optic cup
margin (Table 1).
Mouse eyes cultured with ectopic mouse or chick lenses
showed a strong additional band of both Tgfb1i4 and Ptmb4
xpression adjacent to the implanted lens (Figs. 4D and 4F
nd data not shown). In the case of mouse lens implants, we
ould not formally exclude the possibility that the addi-
ional band of expression arose from contaminating optic
up margin tissue still adherent to the donor mouse lens.
owever, the implanted chick lens induced similar rings of
xpression, and in these cases, the additional band of
xpression must arise from the mouse optic cup tissue
ecause the mouse in situ probes do not cross-hybridize
ith chick tissue in control experiments. Expression was
nly seen immediately adjacent to the implanted lens and
as not seen if the ectopic lens was heat killed by boiling in
BS (Coulombre and Coulombre, 1964) prior to implanta-
ion (data not shown). While both the optic cup margin
arkers Tgfb1i4 and Ptmb4 were induced adjacent to the
ens, no increase was seen in the expression of markers of
he neural retina such as Ptmb10, Fgf15, Isl1 (data not
hown). Multiple experiments also did not show a decrease
n Fgf15 expression adjacent to the lens. These experiments
rovide direct molecular evidence that the lens is a source
f an evolutionarily conserved signal that can induce gene
xpression programs characteristic of the developing ciliary
ody and iris.
It should be noted that the removal of the retinal pig-
ented epithelial layer during dissection means that the
ctopic lens is located adjacent to the apical side of the
emaining presumptive neural retina in this organ culture
ystem. Histological studies revealed numerous small
reaks in this epithelium, presumably induced by the
issection process. We therefore cannot distinguish
hether the signal from the lens acts on the basal or apical
ide of the presumptive neural retina.
Temporal Limits of Lens Signal Production and
Optic Cup Response
We next investigated the developmental time course of
lens signal production (Table 2). Chick lenses from several
developmental stages, E3–E8 [Hamburger and Hamilton
stages 16–34 (HH16-HH34) corresponding to mouse stages
E10.5–P2] were cultured with E11.5 mouse optic cups and
assayed for their ability to upregulate Tgfb1i4 and Ptmb4
xpression. Lenses from chick embryos aged 4 to 8 days
howed a robust ability to induce the expression of optic
up margin markers (Table 2). Lenses derived from chick
mbryos at E3 (HH16–18) generally did not induce the
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72 Thut et al.expression of Tgfb1i4 or Ptmb4 (only 2 of 16 lenses from E3
chicks induced the expression of Tgfb1i4).
In the reciprocal experiment, we determined the time
course of optic cup competence to respond to the lens
signal. Isolated mouse optic cups from E10.5–E15.5 em-
bryos were cocultured with E4 chick lenses, and the induc-
tion of Tgfb1i4 and Ptmb4 was assayed. E10.5–E11.5 optic
cups showed strong expression of Tgfb1i4 and Ptmb4 in
response to an ectopic chick lens, while optic cups derived
from mice of later stages responded poorly, if at all (Table 3).
These experiments reveal a strong correlation between
optic cup age and induction of margin marker genes in
response to the lens.
DISCUSSION
Large-Scale In situ Hybridization Screens as
Methods for Gene Discovery
A variety of methods can be used to identify genes
involved in developmental processes, including genetic and
enhancer-trap screens, in situ hybridization, and microarray
analysis. Genetic screens, and often enhancer-trap screens,
provide functional information about the role of particular
genes during development. However, identifying genes af-
fected by genetic lesions or inserted elements is often
time-consuming. Microarray analysis allows the rapid iden-
tification of an enormous number of genes expressed in
tissues of interest. The spatial resolution of these gene
expression patterns, though, is limited by the ability to
dissect or isolate pure cell populations as the starting
material for the microarray analysis. On the other hand,
both in situ hybridization and enhancer-trap screens pro-
vide an excellent means of identifying intricate spatial
patterns of gene expression, but allow fewer genes to be
assayed at a given time. Until recently, in situ hybridization
as not been widely used for large-scale screens due to the
ime-consuming hybridization protocol and the difficulty
ABLE 2
ffect of Donor Lens Stage on Induction of Markers
n E11.5 Mouse Optic Cups
Gene E3 E4 E5 E6 E7 E8
Tgfb1i4 2/1 11 11 11 11 11
Ptmb4 2 11 11 11 11 11
11, Robust marker gene expression adjacent to ectopic lens in
ll lens/optic cup cocultures performed. 2/1, Marker gene expres-
ion adjacent to ectopic lens in a minority of the lens/optic cup
ocultures performed. 2, No marker gene expression adjacent to
ctopic lens in any lens/optic cup cocultures performed. All results
epresent the coculture of at least four different eye rudiments
erformed on two separate days.n obtaining probe templates. By combining newly available r
Copyright © 2001 by Academic Press. All rightenomic resources with a high-throughput hybridization
rotocol for sectioned mouse tissues, our studies demon-
trate that in situ hybridization provides a powerful and
fficient means of surveying large numbers of genes to
dentify candidates involved in developmental processes.
hole-mount in situ screens have also been used recently
o survey gene expression patterns in early Xenopus and
edaka embryos (Gawantka et al., 1998; Henrich and
ittbrodt, 2000).
Identification of New Candidate Factors and
Potential Genetic Hierarchies Involved
in Eye Development
Our screen was successful in identifying a large number
of genes expressed in many different eye structures. From
the 1035 ESTs tested, we identified 62 different genes with
specific eye expression patterns, 26 of which displayed
patterns that were previously unreported. Five of these
ESTs (GenBank Accession Numbers AA003596, AA764025,
AA261108, W14179, W64236) do not have significant simi-
larity to named genes in the GenBank databases and thus
represent potentially novel genes that may play a role in eye
development. Taken together, these expression patterns
will be useful for identifying new regulators of eye devel-
opment and for marking the identity of a variety of eye
structures.
By assaying the expression of each gene at multiple stages
of development, we gained information about temporal
limits of expression in distinct eye structures. In Table 1,
gene expression patterns have been grouped by anatomical
location and arranged in chronological order of expression
onset. The temporal sequences of expression may suggest
potential genetic hierarchies involved in eye development,
with early-onset genes regulating later-expressed genes. In
addition, genes from these temporal series can be used to
distinguish the developmental age of particular structures.
Such markers may be useful for the analysis of mutant
mouse strains with developmental eye defects.
While some of the genes included in our screen had
TABLE 3
Effect of Optic Cup Age on Expression of Markers
in Response to E4 Chick Lenses
Gene E10.5 E11.5 E12.5 E13.5 E14.5 E15.5
gfb1i4 11 11 1 1 1/2 1/2
tmb4 11 11 1 1 1/2 2
11, Robust marker gene expression adjacent to ectopic lens in
ll lens/optic cup cocultures performed. 1, weaker expression of
he marker gene adjacent to ectopic chick lens. 1/2, a thin line of
eak expression of the marker gene adjacent to ectopic chick lens.
, no marker gene expression adjacent to ectopic chick lens. All
esults represent the coculture of at least seven different eye
udiments.
s of reproduction in any form reserved.
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73Molecular Markers of Eye Developmentpreviously reported eye expression patterns, the use of
sectioned in situ hybridization to visualize gene expression
patterns (instead of whole-mount in situ hybridization,
RT-PCR, or Northern analysis), the large range of time
points assayed, and our ability to directly compare the
expression patterns of many different genes relative to one
another provided additional information. For example, a
previous study reported expression of the growth factor
Fgf15 in the neuroblastic region of the retina from stages
E9.5 to E16.5 of development (McWhirter et al., 1997).
However, a detailed description of Fgf15 expression during
these stages of development was not presented. Our analy-
sis of sections through the eyes of E12.5–P2 mouse eyes
confirmed the expression of Fgf15 in the neuroblastic layer
and extended these findings by demonstrating that Fgf15
xpression remained highly expressed at the border be-
ween the retina and ciliary body but became downregu-
ated elsewhere by P2 (Fig. 3). Furthermore, by comparing
he expression of Fgf15 to the expression of markers such as
Tgfb1i4 and Ptmb4, it became clear that Fgf15 was excluded
rom cells of the optic cup margin (Figs. 2 and 3). This
nding highlights differences in regional optic cup gene
xpression that may influence the differential development
f structures such as the retina, iris, and ciliary body.
While in situ hybridization offers a powerful means of
dentifying new genes expressed during eye development,
ene expression patterns alone do not provide functional
roof that these genes are required during the development
f a particular structure. Unlike enhancer-trap screens, the
enetic loci in an in situ screen are not necessarily tagged by
potentially mutagenic element. However, the recent de-
elopment of large sets of murine ES cells containing
nduced mutations (Townley et al., 1997; Zambrowicz et
l., 1998) and mutant mice available from individual labo-
atories or through mouse repositories such as The Jackson
aboratory and The European Mouse Mutant Archive
EMMA) will allow the function of genes identified by
xpression to be tested more easily in the future. Trans-
enic mice, knockout mice, or mutagenized ES cell lines are
vailable for 41 of the 62 genes identified in this study
Table 1).
Molecular Evidence for the Role of the Lens in Iris
and Ciliary Body Formation
In addition to providing insight into potential genetic
pathways that may be involved in eye development, the
expression patterns identified also serve as markers that can
be used to study developmental tissue interactions. Our
screen has identified a temporal and spatial series of mark-
ers for several key structures in the eye, including the lens,
cornea, sclera, periocular mesenchyme, iris/ciliary body
stroma, conjunctiva, and various regions of the optic cup.
Of these, we have initially focused on expression patterns
that mark the optic cup margin in order to gain a better
understanding of the inductive interactions that lead to iris
and ciliary body development. u
Copyright © 2001 by Academic Press. All rightPrevious studies suggest that the lens is required for
ormal growth of the optic cup margin but have lacked the
olecular markers needed to test whether this is an in-
tructive interaction (Stroeva, 1963; Genis-Galvez, 1966;
reitman et al., 1989; Harrington et al., 1991). More re-
ently, several genes expressed in the optic cup margin have
een identified, including Otx1 (Monaghan et al., 1995),
sx1 (Monaghan et al., 1991), Eya1 (Xu et al., 1997),
otch2, and Jag1 (Bao and Cepko, 1997), but to date, they
ave not been used to address the role of the lens in iris and
iliary body development. Using markers identified in our
creen, we have shown that the lens is the source of an
volutionarily conserved signal that instructs cells of the
resumptive neural retina to express genes characteristic of
he developing iris and ciliary body. Within the tissues of
he optic cup, the lens specifically upregulates the expres-
ion of genes that mark the optic cup margin (Tgfb1i4 and
tmb4). In contrast, markers of the neural retina are not
pregulated in response to the ectopic lens (for example,
gf15, which is expressed in neuroblastic retinal cells, and
sl1 and Ptmb10, which mark postmitotic retinal cells such
s the developing retinal ganglion cells).
The lens-derived signal is produced by the chick lens at
everal developmental stages, including at least days 4 to 8
f normal development (based on comparisons of iris mor-
hology, these chick stages roughly correspond to stages
12.5–P2 of mouse development). Lenses at earlier stages of
evelopment (day 3), prior to lens fiber elongation, did not
ause a robust induction of optic cup margin markers. Early
ens cells may be more susceptible to damage during
issection or may not have differentiated to a stage required
or production of the inductive signal. Interestingly, a
ecent study has shown that chick lenses of similar devel-
pmental stages (E4–E15) are also capable of inducing the
evelopment of the corneal endothelium and stroma (Beebe
nd Coats, 2000). It is possible that the same lens-derived
actor is responsible for inducing different responses in both
he cornea and optic cup margin. Alternatively, two or more
eparate signals may be produced by the lens over compa-
able stages of development.
The optic cup response is also temporally restricted. The
ptic cup forms on E10.5 of mouse development and is able
o upregulate Tgfb1i4 and Ptmb4 expression in response to
he chick lens until E12.5. After this time, the response of
he optic cup is significantly diminished. This is not likely
o be due to the inability of older optic cups to express
gfb1i4 and Ptmb4 as these genes are expressed in the optic
up margin until late in embryogenesis. Instead, it seems
ore likely that the fate of optic cup tissues becomes
estricted soon after optic cup formation.
In addition to demonstrating the instructive nature of the
ens-derived signal, these studies have shown that the lens
irectly influences optic cup margin development. By re-
oving the surrounding tissues and looking only at inter-
ctions between the lens and neural retina, we can rule out
econdary inductions by surrounding tissues that may also
ndergo differentiation in response to the lens. However, it
s of reproduction in any form reserved.
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74 Thut et al.is likely that in vivo these surrounding tissues do play
additional roles in the development of optic cup margin
structures. Previous studies suggest that the iris/ciliary
body stroma may provide additional signals required for
proper iris and ciliary body morphogenesis (Pressman et al.,
2000). This possibility may explain the lack of expression of
later markers of the optic cup margin such as Tgfb2,
S100a6, and Slc6a1 in the organ culture experiments.
imple extensions of the existing culture system will make
t possible to test the effects of additional surrounding eye
issues on development of anterior chamber structures.
Tgfb1i4 as a Candidate Regulator of Iris and
Ciliary Body Development
Two of the earliest markers of the optic cup margin found
in our screen, Tgfb1i4 and Ptmb4, were both induced in
esponse to the chick lens. These findings lend support to a
otential role for these genes in tissue interactions that
ause iris and ciliary body development. Ptmb4 encodes an
ctin-binding protein required for normal axon and muscle
evelopment in zebrafish (Roth et al., 1999). While its
xpression in the developing optic margin is found in both
ice (this study) and fish (Roth et al., 1999), its functional
ole at this site is not yet known. Tgfb1i4 encodes a
ranscription factor homologous to the Drosophila
hortsighted/bunched gene that has been implicated in
oth photoreceptor development and oogenesis in the fly
Shibanuma et al., 1992; Treisman et al., 1995; Dobens et
l., 1997). The identity and early expression of this gene
uggest it may regulate the expression of genes involved in
ptic cup margin development (Ohta et al., 1996; Kester et
al., 1999). We are currently testing whether Tgfb1i4 can
alter the expression of other genes expressed in the pre-
sumptive iris and ciliary body by examining Tgfb1i4 knock-
out mice and by overexpressing Tgfb1i4 in isolated eye
tissues.
The Lens-Derived Signal Acts Over Short Ranges
The nature of the lens-derived signal is still not known.
Tgfb1i4 was originally identified as a TGFb-induced gene
(Shibanuma et al., 1992), and Tgfb1 and Tgfb2 are both
expressed by the embryonic mouse lens (Pelton et al., 1991).
However, organ culture experiments in which the ectopic
lens was replaced by beads soaked with a variety of single
growth factors known to be expressed by the lens, including
TGFb1 and TGFb2, bFGF, PDGF, TGFa, and BMP7, do not
how Tgfb1i4 or Ptmb4 induction (C.T. and D.K., unpub-
ished data). The lens-derived signal could still involve one
r more of these growth factors in combination with other
ignals or cofactors.
It is also possible that the lens-derived signal is not freely
iffusible and that intimate contact between the developing
ens and cells of the optic cup margin is required for
ransmission of the signal. In our organ culture assay,
nduction of margin markers occurred only in cell layers
Copyright © 2001 by Academic Press. All rightmmediately adjacent to the ectopic lens. No induction was
een if the lens and optic cup were separated by 2–4 mm.
urthermore, in initial experiments in which the lens and
ptic cup were cultured adjacent to one another but sepa-
ated by a 0.05-mm filter, Tgfb1i4 and Ptmb4 expression
ere no longer upregulated near the ectopic lens (C.T. and
.K., unpublished data). In the organ culture assay, the cells
f the optic cup mostly likely contact the lens capsule, a
hickened basal lamina that surrounds the cells of the lens.
hile inhibiting direct lens cell/optic cup cell contact, this
ayer could help sequester or present growth factors that are
roduced by the lens. An induction mechanism requiring
lose proximity between the lens and optic cup would serve
o localize development of the iris and ciliary body to the
egion immediately adjacent to the lens, thus providing a
ink between the observed short-range signaling interac-
ions during embryonic development and the anatomical
uxtaposition of these structures in the adult eye.
The organ culture system and molecular probes we have
eveloped provide a rapid new assay for characterizing the
ignals and genes that control anterior segment develop-
ent. These tools have allowed us to identify new candi-
ate regulators of iris and ciliary body development, as well
s many other structures in the embryonic eye. Further
tudy of the genetic pathways that control early formation
f the ciliary body and iris may suggest new ways of
odulating the growth, function, and repair of these tissues
n important human eye diseases.
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